Introduction
Energy effectiveness of a production processes is a part of a machines building and exploitation discipline, whose significance was already noticed and is constantly being developed [3, 4, 9, 10, 11] . Authors of this paper focused an attention in their work on all factors, having an influence on the final electrical energy, consumed by the manipulation and transportation machines and particularly consumed by industrial robots.
This investigation is an extension of the work with power losses in the FANUC AM100iB robot electric motors, presented in [20] , and introduces some partial improvement into a wider energy effectiveness research.
The object of this investigation was a Fanuc AM100iB robot ( Fig. 1) , and more specifically its first electrical motor -working at steady-state at low range conditions, that are low speed and under low load. Because the robot motors are powered by a power electronical amplifier, a significant power distortion and noise, produced by a diodebridge rectifiers and PWM technology, an internal inaccuracies, electrical unbalances or system nonlinearities such as transformer saturation had to be included [7, 12] .
The limitation this work has to faced with, was a necessity to keep the investigated motor being connected to the original amplifier as the only one available power source and a control unit. Simultaneously significantly distorted electrical voltages waveforms caused high values fluctuations and the motor shafts could rotate only in a limited range because of an original robot control unit safety systems. As a In order to properly determine electrical power values for low range conditions, the proper measurement methods for noise and distorted waveforms had to be considered. From among of many known power calculation solutions, allowing for considering high disturbances, the IEEE 1459-2010 standard [8] has been chosen. The selection was affected by a pragmatic oriented goals, which were possibilities to keep the results being mostly comparable with measurements, performed by currently manufactured power analysers [6] . The most common alternative power calculation methods proper for unbalanced systems, nonsinusoidal, disturbed and noised conditions and mainly used for scientific works are Budeanu's, Fryze's and Czarnecki's methods [1, 5, 15, 18, 19] .
The goals of investigations
The all of robot dynamical parameters are ones of its many properties, which affect the energy effectiveness of its work. In this research case, the attention was focused on identifying the power losses in the first electrical motor for the low range working conditions, particularly for low speed and low load range. A separate cognition of the electrical properties behavior while going from a driving work mode into a stand-still mode was cared about. Moreover, also those signal processing techniques were evaluated, which the measurement utilities could be extended by, in order to automatise measurement processes.
Measurement equipment
For performing an electrical power analyses and for acquisition of the kinematic parameters of the investigated Fanuc AM100iB robot, the specialised measurement equipment was designed and built up (Fig. 2a) . The apparatus consisted of NI 6581, NI 3xTB-4300B and 2x NI PXIe-6363 cards allowed for high frequency sampling of the electrical voltage and current waveforms in all power lines and for monitoring and decoding digital data containing shafts angle positions, generated by the Fanuc Pulse Coders. However, the alternative solution for determining kinematic parameters of electric motors shafts by a direct measurement of a robot arm angle positions -available to recalculate into shafts' angle positions, could also be considered and is widely described in the following paper [13] for TCP robot point. The all acquisition devices were synchronised and controlled by a NI PXIe-1075 system and the LabVIEW SCADA application. The mechanical load of motor shaft and mechanical power was created and measured by the hysteresis brake MAGTROL HD-715 (Fig. 2b) .
The wiring diagram and the mechanical connection scheme is shown in Fig. 3 . The example raw data for an electrical voltage and current waveforms collected by this equipment show the graphs in Fig. 4 . The specimen of the recorded signal is designated by the black fat line, which simultaneously indicates the rms value. The signals waveforms shapes result from the limited range of an angle position the motor shaft was able to rotate.
The longer recording duration of the specimen in steady-state, the most accurately the disturbances and noise were reduced from the final power calculation and the better final quality was achieved. Mainly the specimen's recording duration influenced on the fundamental harmonic frequency identification correction from the value numerically identified by FFT analysis. Additionally the longest specimen's recording duration, the more accurate angle phases shifts between electrical voltages and currents were recognised. From the other site, the maximum specimen's recording duration was limited by the limited range of an available angle rotation.
The wiring temperature was monitored in an indirect measurement by the use of the FLIR E60 thermographic camera. The all measurements were performed for the circumstances when the motors cover's temperature was in the range between 42-48°C (Fig. 5 ).
Power calculation
The distortion and noise level in an electrical voltage and current waveforms is evaluated by the index called the total harmonic distortion (THD), which according to IEEE 519-1992 is defined as the ratio of the rms of the harmonic content to the rms of fundamental quantity and is expressed as a percent of the fundamental harmonic [17] 
V krms and I krms mean an rms value of respectively harmonic components of an electrical voltage and electrical current noise, V 1 and I 1 mean an rms value of respectively a fundamental harmonic of electrical voltage and electrical current values.
In electrical grids working with frequencies 50/60 Hz the most significant harmonics affecting the measurements are the 3rd, 5th and 7th [7] . However, because the fundamental frequencies, the number of significant harmonic components and their values varied in a wide range and changed in different working conditions, therefore instead of a pure harmonic distortion measurement the combined total harmonic distortion plus noise method (THD+N) for determining the values of THD V and THD I was finally used (3) S harm means the value of an electric voltage or current harmonic distortion, S noise means the value of an electric voltage or current harmonic noise and S rms represents the rms value of a total electric voltage or current waveform.
To determine the fundamental electric voltage and electric current harmonics frequencies and to determine their magnitudes values and to evaluate their quality, the Fast Fourier Transform -FFT and a pattern sinusoidal signals were used. Pattern sinusoidal signals were manually tuned to the analised waveforms, extracted from the measured signals (4) and used for determining the proper sample index, which the specimens had to begin from. They were also used for determining a phase shifts between electrical voltage and current waveforms. Additionally the pattern signals were used for the correction of the fundamental frequencies values recognised by FFT if that was required. The waveforms of measured parameters became the waveforms of the total distortion and noise signals after extracting the fundamental signal harmonics from them (5). The resultant normalised distortion, noise and fundamental harmonic waveforms are shown in Fig. 6 . 
The example spectrum analyses of electrical voltage and current waveforms for low working condition range are shown in Fig. 7 . Based on the graphs in Fig. 6 and Fig. 7 the rms of total sciENcE aNd tEchNology disturbances and noise waveforms, the fundamental frequencies and their amplitudes were identified as well as the quality of disturbances and noise reduction was evaluated. The example relation between disturbances, noise and fundamental frequencies are shown in Fig. 8 .
An electrical active power in each phase, measured by a 3V3A/ Three-voltage three-current method [23] , used for three-wire systems and line-to-line nonsinusoidal, unbalanced cases was calculated by (6), (7), (8) [8] :
V A , V B and V C mean an rms value of an electrical voltage in the phase A, B and C respectively, I A , I B and I C mean an rms value of an electrical current in the phase A, B and C respectively, P A , P B and P C mean an electrical power in the phase A, B and C respectively, PF true means true power factor (9), consisted of PF disp -displacement power factor (10) and PF dist -distortion power factor (11) like in [7, 8] :
where δ and θ mean voltage and current phase shifts respectively, THD V and THD I mean electrical voltage and current distortion and noise respectively. sciENcE aNd tEchNology
The total active electrical power was calculated by the equation (12) (Fig. 9) , inter alia used for the three-wire star systems, for which the following balance I A +I B +I C =0 is true [8] :
The power losses map (13) (Fig. 10a ) was calculated as a difference between the total active electrical power (12) (Fig. 10c ) measured indirectly by the NI PXIe-1075 system and the mechanical power (Fig. 10b ) measured by the hysteresis MAGTROL HD-715 brake:
The energy efficiency map was calculated as the ration between input and output power (14) (Fig. 10d): ( ) ( ) ( )
Because of its comprehensive range of information, the power losses map (Fig. 10a) is the most significant input data for modelling electrical power losses, being the part of the total energy consumption, evaluated in energy effectiveness analysis of industrial production processes performed by investigated robot [20, 21, 24] .
Performed investigations showed that the change of electrical states while changing work from the driving into stand-still mode is very abrupt, and in the case of investigated motor takes places between 0 and 6 rpm (Fig. 11) . Additionally there is also a visible gap above 6 rpm, recorded for every load case (Fig. 11) . Those facts have to be included in the numerical robot model being under development by the authors of this paper.
Conclusion
The measurement equipment was a proper selection for managing with the limitations and accuracy level requirements resulted from necessity to keep the investigated electric motor being connected to the original control unit and resulted from low range working condition being under investigation. The apparatus allowed for recording a raw data with its harmonics up to very high frequencies and for providing Spectrum analyses showed that the pattern signals for notch filtering of sampled signals used for this work did not perfectly separate the fundamental harmonics from the disturbances and noise. As a consequence it extended a measurements uncertainty and decreased the final results' quality at a data processing stage. Nevertheless the level of already achieved reduction did not significantly influence on the results, what was evaluated by total power changes for more and more better reductions. Despite this the quality of band-stop filter for notch filtering of the fundamental harmonics application should be evaluated yet and compared with so far used approach before further research of energy effectiveness.
Investigations of the low range working conditions showed that the electrical states between the driving mode and the stand-still mode change very abruptly and in the investigated motor case take place between 0 and 6 rpm and additionally there is a gap visible above 6 rpm, recorded for every load case.
Even more accurate investigation of the closest area of 6 rpm is required to avoid low resolution results and a total measurement uncertainty should be also evaluated in the further work. The work has a cognitive significance, and its results explain which direction the further research should be focused on. Because an industrial robot is an example of highly non-linear system, therefore more unbalanced working conditions and higher nonlinear loads than those ones used and existed in this investigation must be expected in typical exploitation circumstances. 
